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INTRODUCTION 
A p r i m a r y  ces ium beam f requency  s ta r ldard  serves  t o  r e a l i z e  t h e  

u n i t  o f  t ime ,  t h e  Second, i n  accordance w i t h  t h e  i n t e r n a t i o n a l  d e f i -  
n i t i o n  a s  f o r m u l a t e d  a t  t h e  XI11  Genera l  Conference o f  Weights  and 
Measures i n  1967. The b a s i c  d e s i g n  o f  a ces ium s tandard  i s  shown i n  
F i g .  1 .  The ces ium beam emerges f r o m  an gven i n t o  a vacuum, passes 
a f i r s t  s t a t e  s e l e c t i n g  magnet, t r a v e r s e s  a Ramsey t y p e  c a v i t y  where 
it i n t e r a c t s  w i t h  a rnicrowave s i g n a l  d e r i v e d  from a s l a v e  o s c i l l a t o r .  
The niicrovrave s i g n a l  changes t h e  d i s t r i b u t i o n  o f  s t a t e s  i n  t h e  atom- 
i c  beaiii wh ich  i s  t hen  ana lyzed  and d e t e c t e d  by means o f  t h e  second 
s t a t e  s e l e c t o r  magnet and t h e  atom d e t e c t o r .  The d e t e c t o r  s i g n a l  i s  
used i n  a feedback l o o p  t o  a u t o r n a t i c a l l y  keep t h e  s l a v e  o s c i l l a t o r  
t uned .  The l i n e - Q  i s  de te rm ined  by t h e  i n t e r a c t i o n  t i r r i e  between t b c i  
atoilis and t h e  microwave c a v i t y .  T h u s  a beam o f  s low  atorrs and a l o n q  
c a v i t y  l eads  t o  a h i g h  l i n e - Q .  Comrilercial d e v i c e s  wh ich  f o r  obv logs  
reasons a r e  r e s t r i c t e d  i n  t o t a l  s i z e  have l i n e - Q ' s  o f  a few l o 7 ,  
whereas h i g h  pcr for rnance l a b o r a t o r y  s tavdards  w i t h  an o v e r a l l  de- 
v i c c  l e n g t h  o f  up t o  6 - m  f e a t u r e  l i n e - 0 ' s  o f  u p  t o  3 x 10'. 



The N a t i o n a l  Bureau o f  S tandards  has two p r i m a r y  s tandards  f o r  
t h e  u n i t  o f  t i m e ,  They a r e  b o t h  ccsiurr i  d e v i c e s  and a r e  d e s i g n a t e d  
NBS-4 and NBS-6. NBS-4 and NBS-5 (p redecesso r  o f  NBS-6) have been 
used s i n c e  January  1973 f o r  a t o t a l  o f  22  c a l i b r a t i o n s  o f  t h e  NBS 
Atomic  Time Sca le .  The i n d e p e n d e n t l y  e v a l u a t e d  a c c u r a c i e s  ( 1  ) f o r  
NBS-4 and NBS-5 a r e  3.1 x 10'" and 1 .8  x 
NBS-5 was removed f r o m  s e r v i c e  i n  Februa ry  1974. M a j o r  r e v i s i o n s  i n  
i t s  o v e n / d e t e c t o r  and vacuum system were c a r r i e d  o u t  and t h e  new 
sys tem i s  now d e s i g n a t e d  NBS-6. 
Februa ry  1975 and p r e l i m i n a r y  d a t a  i n d i c a t e  t h a t  t h e  accu racy  o f  
NBS-6 w i l l  exceed t h e  above quoted  va lues .  

r e s p e c t i v e l y .  

I t  has been o p e r a t i n g  s i n c e  

ACCURACY OF A T I M E  SCALE 
The accu racy  o f  t h e  r a t e  ( f r e q u e n c y )  o f  an a tomic  t i m e  s c a l e  

i s  t h e  degree t o  wh ich  i t s  Second agrees w i t h  t h e  d e f i n i t i o n  o f  t h e  
S1-second. P r imary  f requency  s tandards  a r e  used t o  c a l i b r a t e  t h e  
r a t e  o f  an a tomic  t i m e  s c a l e .  I f  these  c a l i b r a t i o n  e r r o r s  a r e  i n -  
dependent  f r o m  one c a l i b r a t i o n  t o  any o t h e r ,  and i f  t h e  c a l i b r a t i o n s  
c o u l d  be compared p e r f e c t l y  i n  t ime ,  t h e n  t h e  e r r o r  o f  t h e  average 
wou ld  reduce a s  n- ' i ,  where n i s  t h e  number o f  c a l i b r a t i o n s .  How- 
eve r ,  t h e  c a l i b r a t i o n s  cannot  be averaged p e r f e c t l y :  t h e r e  e x i s t s  
no p e r f e c t  r e f e r e n c e ;  a l s o ,  f o r  a g i v e n  p r i m a r y  s tandard  and even 
f o r  a s e t  o f  p r i m a r y  s tandards  t h e  e r r o r s  o f  one c a l i b r a t i o n  may 
w e l l  be c o r r e l a t e d  ( i n  space o r  t i m e )  w i t h  some o t h e r  c a l i b r a t i o n  
A more genera l  model f o r  t h e  e r r o r s  i n v o l v e d  i n  any g i v e n  c a l i b r a -  
t i o n  ( say  t h e  I l t h  c a l i b r a t i o n )  may be w r i t t e n  ( 2 ) :  

where aS(k) i s  t h e  o v e r a l l  accuracy  f o r  t h e  c a l i b r a t i o n , a r u c ( i )  i s  
an e s t i m a t e  o f  t h e  random u n c o r r e l a t e d  e r r o r s  and %(E) is an e s t i -  

mate o f  e r r o r s  t h a t  a r e  c o r r e l a t e d  w i t h  some o f  t h e  p a s t  c a l i b r a t i o n s  
o r  w i t h  some o t h e r  p r i m a r y  s t a n d a r d  due t o  s i m i l a r i t y  o f  d e s i g n  o r  
e v a l u a t i o n  procedure  ( t h e  b a r  o v e r  " r u c "  denotes t h e  l o g i c a l  " n o t 4 ' ) .  

An accu racy  a l g o r i t h m  can be deve loped wh ich  i n c o r p o r a t e s  t h e  
c o n t r i b u t i o n s  o f  a s e r i e s  o f  c a l i b r a t i o n s  by a p r i m a r y  s tandard .  
Based on compar ions v i a  I n t e r n a t i o n a l  Atomic Time ( T A I )  we f i n d  
t h a t  NBS-4, NBS-5 and t h e  two o t h e r  o p e r a t i n g  p r i m a r y  s tandards  a t  
t h e  P h y s i k a l i s c h  Technische Bundesans ta l t  i n  Germany and t h e  
N a t i o n a l  Research Counc i l  i n  Canada agree w i t h i n  about  1 x 10-13(3). 
T h e r e f o r e  we a r e  assess ing  ( 2 )  and o b t a i n  t h r o u g h  

an accu racy  a l g o r i t h m  t h e  f i l t e r e d  c a l i b r a t i o n s  a g a i n s t  ATo(NBS) 

shown i n  F i g .  2 ( t h e  l o w e r  dashed l i n e  i n  F i g .  2 connects  t h e  un- 
f i l t e r e d  o r i g i n a l  c a l i b r a t i o n  p o i n t s ) .  The f requency  AT (NDS) wh ich  
i s  d e r i v e d  f ro i i i  an enseriible o f  commercial ces ium standapds has n o t  
been changed a s  a r e s u l t  o f  any o f  t h e  l i s t e d  c a l i b r a t i o n  da ta ,  b u t  
has been n ia in ta ined ,as  n c a r l v  a s  Doss ib le ,as  an indcDcndent  c o n t ~ r l u i r l g  
s t a b l e  frequenc.y r e f e r e n c e .  A l so  shown i n  F i g .  2 a r e  t h e  y c a r  averaqc 

= 0.5 x 

- 



f r e q u e n c i e s  o f  T A I  w i t h  r e s p e c t  t o  t h e  NBS b e s t  e s t i m a t e  o f  ces ium 
f requency  o b t a i n e d  f ro i i i  t h e  above n ient ioned accu racy  a l g o r i t h m .  
conipar isons were made v i a  Lordn-C d a t a  taken  at. t h e  end o f  February  arid 
o f  August (B IH  C i r c u l a r  n ) .  
s h i f t "  a t  Bou lde r  has been accout i t cd  f 3 r  i n  t h e  d a t a .  We wou ld  con-  
c l u d e ,  t h e r e f o r e ,  t h a t  t h e  T A I  i econd  i s  t o o  s h o r t  by 8 ! 2 p a r t s  i n  
1013  a t  t h e  b e g i n n i n g  o f  1975. I n  t h e  f a ! '  o f  1973 t h e  NBS p r i m a r y  
s tandards  and t h e  Geririan and CariJd i a n  p r i r w r y  s tdndards  agreed 
t h a t  t h e  f requency  o f  T A I  was dbc iJ t  i:l A I l i - ' '  t o o  h i g h ,  i . e . ,  t h e  
l e n g t h  o f  the  T A I  second was t o o  s h o r t  ! ~ y  t h i :  dmount ( 3 ) .  I t  may be 
a n t i c i p a t e d  t h a t  f u t u r e ,  r e g u l a r  i n p l i t  f rom a l l  a v a i l a b l e  p r i m a r y  
s tandards  w i l l  be i n c o r p o r a t e d  i n t o  d i A ;  dccuracy  a l g o r i  thni wh ich  
wou ld  keep t h e  T A I  second bounded t o  v i 1 L t - 1 1 ~  a t  l e a s t  1 x 1 0 - l 3  o f  t h e  
b e s t  r e a l  i z a t i c n  o f  t h e  S1-Secord. Th;s i ~ ~ : : ~ ' l d  L i c j n i f i c a f i t 1 , y  decrease 
the t i m e  e r r o r s  i n  T A I  w i t h  r e g a r d  t o  i d c d l  " a b s o l u t e "  t ime  and 
c o r r e s p o n d i n g l y  i n c r e a s e  t h e  u t i l i t y  o f  T A I  f o r  fundamenta l  p h y s i c a l  
and d s t r o p h y s i c a l  measurements o f  ex tended d u r d t i o n .  

The 
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F i g .  2. Plot of t h P  H a t e s  of T A I  <ind  - i , , ( N B S )  With P c s p e c t  to 
t h e  NBS Prirarry S t d n d a r d s  f r ~ i n l  N, 1 / s j , ~ . ' +  L 1 9 7  3 to t i i ~  Prcscn t 

STABILITY L I " . I ITATI i ) iu>  
A p r e r e q u i s i t e  f o r  a c h i e v i n g  h i q h  accuracy  i s  h i g h  s t a b i l i t y .  

The u l t i m a t e  s t a b i l i t y  l i m i t a t i o n  o f  a l l  f r equency  s tandards ,  i n -  
c l u d i n g  cesiui i i ,  i s  p r o p e r l y  desc r i l ) ed  by d process  w i t h  a f l i c k e r  o f  
f requency  s p e c t r a l  d e n s i t y  ( f l i L k c r  f l o o r ) .  The p h y s i c a l  causes f o r  
t h i s  n o i s e  a r e  n o t  y e t  w e l l  unders tood;  however, a b e t t e r  under -  
s t d n d i n g  and c o r r e s p o n d i n g  improvc iwr i t~ ,  i v  t t ic  f l icker  f l o o r  a r e  a 
p r e r e q u i s i t e  f o r  s i g n i f i c a n t  i r c p t )  :st" :- J i r I i p J .  ? ' I C  f o l  i ow i t l g  
i s  an a t t e m p t  t o  b r i e f l y  s k e t c h  o u t  : ~ h . :  1)  pOyiiLJ1 mc!chdri15mS f o r  
s t a b i l  i t y  1 i n i i  t a t i o r i s .  



( a )  magnet ic  f l e l d s .  
From t h e  w e l l  known r e l d t i o n s h i p  ( 4 )  f o r  t h e  frequency s h i f t  

i n  a magne t i c  f i e l d  ti i n  ces ium we c a l c u l a t e  t h a t  a f i e l d  i h a n g e  
AH = 0.18 LIG causes a f r a c t i o n a l  f requency  change Av/v = 1 x l o - * '  
i f  a nominal  C - f i e l d  on H = 60 niG i s  a p p l i e d  i n  t h e  s tandard .  Be- 
cause t h e  a p p l i e d  C - f i e l d  w i l l  a lways  be s u b s t a n t i a l l y  l a r g e r  t h a n  
t h e  r e s i d u a l  magne t i c  f i e l d s ' i n  t h e  s h i e l d e d  r e g i o n ,  we need n o t  
be concerned about  magnet ic  f i e l d  changes i n  d i r e c t i o n s  o t h e r  t h a n  
t h e  a p p l i e d  C - f i e l d .  I n  a c o n t r o l l e d  l a b o r a t o r y  env i ronment ,  we may 
f i n d  changes o f  t h e  env i ronmen ta l  f i e l d  o f  a t  most G. Thus, in  
o r d e r  t o  assu re  f requency  s t a b i l i t y  we need s h i e l d i n g  f a c t o r s  
o f  a lmos t  10''. T h i s  shou ld  n o t  be d i f f i c u l t  t o  ach ieve ;  however , th i s  
i s  o n l y  a v a l i d  s ta temen t  f o r  beam tubes  w i t h  C - f i e l d s  a p p l i e d  i n  a 
r a d i a l  d i r e c t i o n  as i n  most t ubes  i n c l u d i n g  a l l  NBS t ubes .  I f  a 
c a v i t y  c o n f i g u r a t i o n  i s  chosen where t h e  C - f i e l d  must be a p p l i e d  i n  
t h e  a x i a l  d i r e c t i o n ,  t h e  e f f e c t i v e n e s s  o f  t h e  s h i e l d i n g  i s  reduced 
i n  r e l a t i o n  t o  t h e  l e n y t h / d i a m e t e r  r a t i o  L/D. I n  l o n g  beam tubes  
t h i s  c o u l d  become c r i t i c a l  s i n c e  t h i s  geomet r i c  e f f e c t  ( 5 )  reduces  
t h e  l o n g i t u d i n a l  s h i e l d i n g  f a c t o r ,  f o r  example, by more than  a f a c -  
t o r  o f  10 as compared t o  t h e  s h i e l d i n g  of  t h e  r a d i a l  component i n  
t h e  case o f  L/D = 10, and w i l l  approach z e r o  f o r  L/D .+ 00. 

O f  s p e c i a l  concern ,  beyond t h e  nomina l  s h i e l d i n g  f a c t o r ,  may 
be t h e  s t a b i l i t y  i n  t i m e  o f  t h e  r e s i d u a l  m a g n e t i z a t i o n  o f  t h e  
s h i e l d s .  L i t t l e  i s  known about  such e f f e c t s .  We have some e x p e r i -  
men ta l  ev idence  s u g g e s t i n g  t h a t  t i m e - v a r y i n g  mechan ica l  s t r e s s  may 
cause f i e l d  changes i n  NBS-6 ( 4  m l e n g t h  o f  t h e  s h i e l d  package).  
We measure f i e l d  changes o f  t h e  o r d e r  o f  a few h e r t z  ( a  f r a c t i o n  o f  
a h e r t z  i n  NBS-4) i n  t h e  Zeeman f requency  o v e r  days wh ich  i s  e q u i v a -  
l e n t  t o  a s t a b i l i t y  o f  about  i n  t h e  c l o c k  f requency ;  t h i s  i s  
t h e  f l i c k e r  n o i s e  l e v e l  observed i n  s t a b i l i t y  compar isons between 
NBS-4 and NBS-6 and, b e f o r e ,  between NBS-4 and NBS-5.  
( b )  oven tempera ture .  

The oven tempera tu re  a c t s  v i a  t h e  v e l o c i t y  deDendent e f f e c t s :  
c a v i t y  phase s h i f t  caused by  a phase d i f f e r e n c e  6 between t h e  two 
s e c t i o n s  o f  t h e  c a v i t y ,  and t h e  second-order  Dopp le r  e f f e c t :  The 
f requency  s h i f t  due t o  v e l o G i t y  dependent e f f e c t s  can be w r i t t e n :  

6 "0 
F AV = - Vp 2 n ~  - V i  

where L i s  t h e  s e p a r a t i o n  between t h e  two c a v i t y  s e c t i o n s ,  c i s  t h e  
speed o f  l i g h t ,  v0 i s  t h e  ces ium resonance f requency  and V and V D  P 
a r e  some mean v e l o c i t i e s  o f  t h e  a tomic  beam ( 6 ) .  G e n e r a l l y ,  t h e  beam 
o p t i c s  s t r o n g l y  i n f l u e n c e s  t h e  mean v e l o c i t y .  However, as a w o r s t  
c o n d i t i o n  we may assume t h a t  a tempera tu re  f l u c t u a t i o n  6T  o f  t h e  ce- 
s ium oven d i r e c t l y  i n f l u e n c e s  t h e  mean v e l o c i t y  v i a  

- = -  6 V  6T 
V 2 T  

The mean v e l o c i t y  i n  ces iu i i i  tubes  i s  o f  t h e  o r d e r  o f  100 m/s and oven 
tempera tu res  o f  about  360°K a r e  t y p i c a l .  The fundamental  f requency  
b i a s  due t o  v e l o c i t y  dependcnt e f f e c t s  r a r e l y  exceed a v a l u e  o f  10'' l ,  

F o r  t h e s e  c o n d i t i o n s  we c a l c u l a t e  a needed oven tempera tu re  s t a b i l -  



i t y  o f  slightly b e t t e r  than 0.1"K f o r  10'ls f r a c t i o n a l  f requency  
s t a b i l i t y .  T h i s  i s  w e l l  w i t h l n  t e c h n i c a l  p o s s i b i l i t i e s .  IC) c a v i t y  -- tempera tu re  v a r i a t i o n s .  

causes a change i n  L o f  AL = 
m a l  expans ion .  T h i s  causes a change i n  t h e  c a v i t y  phase d i f f e r e n c e  o f  

A t empera tu re  d i f f e r e n c e  A T  between t h e  two c a v i t y  a rms  
CI L AT.  a i s  t h e  c o e f f i c i e n t  o f  t h e r -  

6 ( 6 )  = AL ( W a x )  ( 4 )  
where ( 3 6 / a x )  i s  t h e  maximum phase y r a d i e n t  ac ross  t h e  c a v i t y  window. 
and r e l a t e s  t o  t h e  c a v i t y  Q ( 3 6 / 2 : /  = 9 i n  an i d e a 1 , l o s s l e s s  c a v i t y ) .  
Eq. 4 combined w i t h  t h e  phase te rm i n  Eq. ( 2 )  y i e l d s  

w h i c h  i n t e r e s t i n g l y ,  i s  independent  o f  L. We c a l c u l a t e  f o r  a copper  
c a v i t y ,  e s t i m a t i n g  26/6x 3 x lo-' '  rad/cm ( 9 ) ;  a needed tempera tu re  
d i f f e r e n c e  s t a b i l i t y  o f  0 .5  degrees t o  asSure a f requency  s t a b i l i t y  
o f  10-lS. 

bAv/v = ( a  V p /  2nu)(ad/Jx) 6 T  ( 5 )  

( d )  microwave power. 
The e f f e c t i v e  mean v e l o c i t i e s  V p  and V D  i n  Eq. (2) a r e  depen- 

d e n t  on t h e  i n t e r r o g a t i n g  microwave power. T h i s  i s  because t h e  t r a n s -  
s i t i o n  p r o b a b i l i t y  has t h e  f o l l o w i n g  p r o p o r t i o n a l i t y  ( 6 ) .  

P - s i n '  2 b-r (6) 
where b' i s  p r o p o r t i o n a l  t o  t h e  microwave power, and T i s  t h e  t r a n s i t  
t i m e  f o r  an atom i n  one c a v i t y  s e c t i o n .  I f  t h e  v e l o c i t y  d i s t r i b u t i o n  
i s  known, V p  and V D  can be c a l c u l a t e d  e x a c t l y  ( 7 ) .  T h i s ,  i n  f a c t ,  has 

been used f o r  t h e  d e t e r m i n a t i o n  o f  6 i n  accuracy  e v a l u a t i o n s  o f  c e s i -  
um s tandards  a t  t h e  N a t i o n a l  Bureau o f  Standards ( 1 ) .  I n  t h e  presence 
o f  a n o n - v a n i s h i n g  c a v i t y  phase d i f f e r e n c e  (5, f l u c t u a t i o n s  o f  t h e  m i -  
c rowave power w i l l  cause f requency  f l u c t u a t i o n s .  I n  o r d e r  t o  e s t i -  
mate t h e  s e n s i t i v i t y  we s i m p l i f y  Eq. ( 2 )  by  s e t t i n g  Vp  = VD and o b t a i n  

,where  (Av/v) ,  co r responds t o  t h e  phase s h i f t  t e r m  i n  Eq. (2). 
F o r  V = 100 m/s and ( A U / V ) ~  = l o - "  we o b t a i n  6 V  = 

t o  l i m i t  Gilv/v t o  T h i s  i s  a v e r y  s t r i n g e n t  requ i remen t ;  f rom 
t y p i c a l  v e l o c i t y  d i s t r i b u t i o n s  (1 ,6 )  i t  may be es t i r r ia ted  t h a t  t h i s  
cor responds t o  a microwave power s t a b i l i t y  o f  about  lo- '  dB. 
cou rse ,  s m a l l e r  va lues  f o r  ( A W / L  ) o r  6 a r e  r e a l i z a b l e  and thus  

P 
r e l a x  t h i s  requ i remen t .  

m/s i n  o r d e r  

O f  

FUNDAMCNTAL ACCURACY LIMITATIONS 
U n f o r t u n a t e l y ,  we cannot  dssunie t h a t  i s  a un ique  v a l u e  f o r  a 

g i v e n  c a v i t y  and f u l l y  de termined by i t s  geometry .  We have t o  con-  
s i d e r  t h a t  t h e  c a v i t y  i s  lossy  dnd t h a t  cjpenings f o r  pa\saqe o f  t h e  
beam a r e  o f  f i n i t e  s i z e .  T h i s  l eads  t o  t h e  concept  o f  d i s t r i b u t e d  
c a v i t y  phase v a r i a t i o n s  wh ich  iBdkC Jeiier;dent on t h e  p d r t i c u l a r  t r a -  



j e c t o r y  l o c a t i o n  i n  t h e  c a v i t y  ( 8 ) .  A l l  known accu racy  e v a l u a t i o n  
t e c h n i q u e s  f o r  t h c  d e t e r m i n a t i o n  o f  a f f e c t  t h e  a tomic  t r a j e c t o r i e s ,  
whether  i t  i s  bedm r e v e r s a l ,  power s h i f t s  ( v i a  t h e  v e l o c i t y  d i s p e r s i v e  
n d t i i r e  o f  t h e  beam o p t i c s ) ,  e t c .  ( 3 ) .  There fo re ,  a f u l l  d e t e r m i n a t i o n  
o f  6 and t h e  a s s o c i a t e d  f r c q u c n c y  b i a s  i s  an e l u s i v e  g o a l ,  e s p e c i a l l y  
s i n c e  a m o d e l i n g  o f  t h e  d i s t r i b u t e d  phase v a r i a t i o n s  i n  t h e  c a v i t y  
appears n o t  t o  be p r a c t i c a l .  The e f f e c t  o b v i o u s l y  i s  r e -  
duced b y  t h e  c h o i c e  o f  l o n g  c a v i t i e s ;  e . g . ,  we e s t i m a t e d  a fundamen- 
t a l  l i m i t a t i o n  i n  t h e  d c t c r m i n a t i o n  o f  15 f o r  NBS-5, i . e . ,  i t s  accu-  
r a c y ,  o f  somewhat b e t t e r  t h a n  an e q u i v a l e n t  non -eva luab le  f requency  
b i a s  o f  1 x ( 8 ) .  The q u e s t i o n  a r i s e s  o f  how t o  i n c r e a s e  f u r -  
t h e r  t h e  a v a i l a b l e  accu racy  under  t h i s  c o n d i t i o n .  I f  no r a d i c a l  
d e p a r t u r e  f r o m  a c o n v e n t i o n a l  beam t u b e  d e s i g n  i s  cons ide red ,  t h e n  
t h e  f o l l o w i n g  d e s i g n  recommendations c o u l d  be made: G e o m e t r i c a l l y  
na r row beams w i t h  s t a b l e  t r a j e c t o r i e s ,  (comp. n e x t  s e c t i o n  f o r  
K E S - - 6 )  r e d u c t . i o n  o f  v e l o c i t y  d i s p e r s i v e  c h a r a c t e r  o f  t h e  beam o p t i c s ,  
and b e t t e r  c o n t r o l l e d  c a v i t i e s  w i t h  reduced e l e c t r i c a l  l o s s e s .  
Narrow c y l i n d r i c a l  o r  shee t  t y p e  beams c o u l d  be o b t a i n e d  b y  hexs-  
p o l e  o r  s p e c i a l  d i p o l e  o p t i c s ,  r e s p e c t i v e l y .  A more fundamenta l  
approach appears p o s s i b l e :  s i g n i f i c a n t l y  s l o w e r  a tomic  v e l o c i t i e s .  
T h i s  wou ld  reduce a l l  v e l o c i t y  dependent  e f f e c t s  c o r r e s p o n d i n g l y  
and wou ld  have t h e  added b e n e f i t  o f  a s p e c t r a l l y  na r rower  a t o m i c  
resonance.  T h i s  approach i s  e x p e r i m e n t a l l y  a c h a l l e n g e ;  however, 
i t  appears t o  be t h e  o n l y  one p r o m i s i n g  s u b s t a n t i a l  improvement. 
I f  s low  beams o f  adequate i n t e n s i t y  c o u l d  be r e a l i z e d ,  t h e n  accu racy  
v a l u e s  o f  much b e t t e r  t h a n  Cesium may o r  may 
n o t  be t h e  atom o f  c h o i c e  i n  t h i s  case. 

appear  p o s s i b l e .  

ACCURATE CLOCKS 
I t  i s  na t  o n l y  d e s i r a b l e  t o  i n c r e a s e  t h e  accu racy  o f  t h e  p r i -  

mary s tandard ,  b u t  a l s o  t o  make use o f  t h i s  accuracy .  The p r e s e n t  
r e q u i r e m e n t  o f  i n t e r r u p t i n g  t h e  o p e r a t i o n  o f  t h e  s t a n d a r d  i n  o r d e r  t o  
e v a l u a t e  i t s  f u l l  accu racy  i s  d e f i c i e n t  i n  t h a t  i t  d i s a l l o w s  t h e  use 
o f  t h e  s t a n d a r d ' s  s u p e r i o r  s t a b i l i t y  per fo rmance f o r  t h e  g e n e r a t i o n  
o f  t i m e .  Converse ly ,  t h e  use o f  t h e  p r i m a r y  s t a n d a r d  as a c l o c k  l e a d s  
t o  a d e t e r i o r a t i o n  o f  i t s  r e a l i z e d  accu racy  because some parameters  
a f f e c t i n g  i t s  f requency  may s l o w l y  change, unno t i ced .  

An a n a l y s i s  o f  t h e  e f f e c t s  wh ich  a r e  most  l i k e l y  t o  be s l o w l y  
t i m e  dependent  and wh ich  have s i g n i f i c a n t  impact  on t h e  accu racy  
shows t h e  f o l l o w i n g  p o s s i b i l i t i e s :  

( 1 )  microwave power. The power c o u l d  be m o n i t o r e d  independent  
o f  t h e  beam t u b e  and c o r r e c t e d  ( b y  a s e r v o )  i f  necessary .  

( 2 )  magne t i c  f i e l d .  
f i e l d  dependent  t r a n s i t i o n s  (mF # 0 ) .  A measurement d u r i n g  c l o c k  op- 
e r a t i o n  c o u l d  be executed  b y  i n t e r r o g a t i n g  s y m m e t r i c a l l y  w i t h  r e s p e c t  
t o  t h e  m = 0 t r a n s i t i o n .  The r e g u l a r  se rvo  c o u l d  e a s i l y  d i s c r i m i n a t e  
a g a i n s t  Such a d d i t i o n a l  ( l i k e l y ,  much s l o w e r )  m o d u l a t i o n .  T h i s  tech -  
n i q u e  c o u l d  be r e a l i z e d  w i t h  no e f f e c t  on t h e  f requency  o t h c r  t h a n  a 
s m a l l  d e t c r i o r a t i o n  o f  t h e  s h o t - n o i s e  l i m i t e d  s t a b i l i t y  o f  t h e  s tand -  
a r d .  h g n c t i c  f i c l d  inhon iogenc i t ies ,howcver ,  niay l i n i i t  t h e  u s e f u l -  
ness  o f  t h i s  approach.  

The f i e l d  can be measured v i a  t h e  magnet.ic 



53) c a v i t y  phase d i f f e r e n c e .  

the  beam o p t i c s  wh ich  f o r c e s  d i f f e r e n t  v e l o c i t i e s  on d i f f e r e n t .  t r a -  
j e c t o r i e s .  I n  t h e  d e f l e c t i o n  p l a n e  o f  d i p o l e  o p t i c s ,  we t h u s  have a 
v e l o c i t y  s c a l e ,  and d i f f e r e n t  d e t e c t o r  p o s i t i o n s  w i l l  d e t e c t  d i f f e r -  
e n t  mean v e l o c i t i e s .  Two d e t e c t o r s  i n s t a l l e d  a t  an o f f s e t  f r o m  each 
o t h e r  i n  t h e  d i r e c t i o n  o f  d e f l e c t i o n  e s s e n t i a l l y  examine two beams 
w i t h  d i f f e r e n t  mean v e l o c i t i e s .  S imu l taneocs  use o f  t hese  d e t e c t o r s  
w i l l  g i v e  i n f o r m a t i o n  on changes i n  t h e  c a v i t y  phase d i f f e r e n c e .  
F o r  example, one d e t e c t o r  may be used f o r  t h e  main f requency  servo ,  
t h e  o t h e r  t o  genera te  an e r r o r  s i q n a l  wh ich  depends on 6 (comp. Eq. 
( 2 ) ) .  
r e c t i o n s  o r  t o  d r i v e  a se rvo  system. Other  uses a r e  p o s s i b l e  such 
as t h e  c r e a t i o n  o f  a mixed s i g n a l  wh ich  i s  i n  f i r s t - o r d e r  independent  
o f  6. We have i n s t a l l r 3 d  such a d e t e c t o r  i n  NBS-6 i n  o r d e r  t o  e s t a b -  
l i s h  t h e  f e a s i b i l i t y  o f '  such a techn ique .  NBS-6 w i t h  i t s  o n - l i n e  
beam geometry  making use o f  b o t h  a tomic  l e v e l s  i n  two separa te  
beams ( 1 )  would a l s o  a l l o w  t h e  use o f  t h e  dua l  d e t e c t o r  t o  o p t i m i z e  
t r a j e c t o r y  symmetry and thus  t o  e v a l u a t e  more a c c u r a t e l y  t h e  d i s t r i -  
b u t e d  c a v i t y  phase (see above) .  Thus, NBS-6 may surpass  s i g n i f i c a n t -  
l y  t h e  accu racy  o f  NBS-5 .  

r a c y  e v a l u a t i o n ;  however, once such an e v a l u a t i o n  i s  executed  
these  techn iques  would m a i n t a i n  t h i s  accuracy  i n  t h e  o p e r s t i n g  
s tandard ;  
p r i m a r y  s tandard  w i t h  no s a c r i f i c e  i n  t h e  r e a l i z e d  accuracy .  

Here, advantage may be taken  o f  a s p a t i a l  v e l o c i t y  d i s p e r s i o n  o f  

T h i s  i n f o r i l i a t i o n  c o u l d  be used c o n t i n u a l l y  t o  a p p l y  b i a s  c o r -  

A l l  o f  t h e  above measures a r e  no f u l l  s u b s t i t u t e  f o r  a t r u e  accu-  

t h e i r  use would a l l o w  a l o n g - t e r m  c l o c k  o p e r a t i o n  o f  t h e  
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